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RATIONAL ADVISORY COMMITTEE JOB AERONAUTICS 

ADVANCE RESTRICTED REPOST 

' RESPONSE OIP HELICOPTER ROTORS TO PERIODIC FORCES 
By Bartram Kelley 


INTRODUCTION 

The helicopter depends for suetentatlon on the downward 
thrust supplied by a rotor. When In forward flight the rotor 
Is In yaw t with its resultant lift vector inclined to give a 
horizontal force. This introduces problems not met with in 
airplanes, un symmetrical forces on the advancing and retreat- 
ing airfoils. The Cierva method of dealing with forces not 
balanced out by periodic change of the blade angle was to in- 
troduce flapping hinges, which allow the blade to deflect up 
and down as the lift force varies. Later these flapping 
hinges were supplemented by drag hinges, which allow each 
blade a certain amount of freedom in the plane of rotation so 
as to take care of the chango in angular momentum due to the 
vertical flapping. Calc'ilationB, until recently, have nog* 
lected the nonuniformity of downwash over the front and rear 
portions of the swept disk, and rovoalod this Coriolis offoct 
as the dominating cause of periodic chordwise bending forces 
on the blades. But by considering the nonuniforraity of down- 
wash over the rotor in forward fll^it, Solbol (roforenco l) 
has shown that there are large pulsating horizontal forces 
due to variations of drag, o spec I ally ovidont at low flight 
speeds, and it is apparently these forces which the drag hinges 
have served to relievo. This also explains why early attempts 
to use two-blade rotors resulted in “rough" machines, espe- 
cially at low flight speeds, while three or four blades seemod 
to be smooth. This will be explained in detail. 

An alternative way of cushioning the shock of horizontal 
forces 1 b to make the blades rigid, and to introduce flexibil- 
ity into the pylon which supports the rotor shaft. There are 
four possible combinations to consider in dealing with hori- 
zontal vibrations * 

(l) Flexible pylon and flexible or hinged blades 
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(2) Rigid pylon and flexible or hinged blades 

i. 

( 3 ) flexible pylon and rigid blades 

(4) Rigid pylon and rigid blades 

* 

Combination (l) is poor beeanse it gives a system capa- 
ble of self-excited oscillations, which can be very destruc- 
tive. Their theory is dealt with in reference 2. 

Combination (2) has often been used, but is complicated 
to the damping which must be introduced into the blado motions, 
vhen the aircraft is on the ground and rooking about on its 
landing gear, the pylon is no longer offootively rigid, and 
there is danger Of the self-excited phenomenon mentioned under 
(l) . Sufficient damping of the blade hinge motions can remedy 
this. 


Combination ( 3 ) is a possible combination whioh works 
out veil when the natural bending frequencies of pylon and 
blades are so chosen *e to avoid rose nance with forced vibra- 
tlons, as will be explained. 

Combination (4) is unsatisfactory. Although the pylon 
and blados might be sufficiently stiff to avoid resonance, tho 
absence of any flexibility will males the aircraft rough, like 
a cart without springe being drawn over cobblestones. 

She first step in dealing with horizontal vibrations 1 b 
to find the natural frequencies of vibration of tho rotor sys- 
tem. These frequencies are summarized is the section frequency 
Equations for Horizontal Vibration, where equations for dealing 
with various configurations are given, and graphs showing the 
natural frequencies are plotted. Hext, the effocts of periodic 
aerodynamic forces are introduced in the soction Horizontal 
Exciting Voroes and summarized in table I. Counterrotating 
rotors are not doelt with. 

In the section Simplified Method of Applying Theory a 
particular example is worked out to illustrate the method of 
dealing with any combination of pylon and blade stiffness. It 
does not represent any existing machine, and is intended merely 
as *4 paradigm. 
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IHKJOEHCT EQUATIOHS ICE HGRIZGHTA1 TIBEATIOE 

Hie horizontal vibrations of a rotor and pylon are boat 
pictured with the' aid of a- chart showing the natural frequen- 
cies of the system as a function of the rotor rovolutlonB por 
minute. The fundamental work In determining those natural fre- 
quencies for a single rotor was done by Ooloman (reference 2), 
and derivations will not bo repoatod hero. The* roador, not 
content with accepting the frequoncy equations given hore, Is 
referred to refer once 2 for complotc derivation. Tho interest 
hore is not in damping, since it has but slight effoct on tho 
frequency and is of interest chiofly in- the ground resonanco 
phonomonon dealt with in reference 2. A departure from refer- 
ences 2 and 3 also In the cholco of coordinates will be appar- 
ent below. 


HOTATIGt? FOE FEETpMCY EQUATIONS 

Oty angular velocity of blade chordwise vibration when rotor 
is not turning 

a distance from mast center to drag hinge center 

For a rigidly attached blade an equivalent value of a 
can bo oaeily estimated with sufficient accuracy. Cantilever 
blado in first bending mode is replaced by equivalent system 
with hinge and spring restraint. 

b distance from hingo center to blade center of gravity 

r radiuB of gyration of blado about its centor of gravity 

G) a angular velocity of vibration relative to coordinates 
rotating with the mast 

(0 angular velocity of mast rotation 

uip angular velocity of pylon vibration (nonrotating) 

n number of blades 

i 

m mass of one blade 

M equivalent mass (except for bladen) concentrated at hub 
to give observed pylon vibration frequency, assuming 
strength of spring restraint of pylon is known 


4 


HACA ABB Ho. 5A09 


co^ angular velocity of vibration relative to fixed co- 
ordinates 

o> o> angular velocities of vibration of pylon in two fixed 
** y directions at right angles to each other. Noniso- 
tropic pylon rostraint 


(A) Throe or more Modes. Isotropic pylon restraint. 

(l) Botating coordinates. 

Coupled motions: 


IT a a a a V a , % a i nm(c%-a$ 4 •_ 
Vo - tu a -(o) J- 


Uncoupled blado motions: 


V + 7“a w8 ~“a S =0 

bp 

Uncoupled pylon motions: 


( 2 ) 


co p a - (o) r , ±(o) C = 0 


( 2 ) Tixod coordinates. 

Couplod motions: 


( 3 ) 


<0 [V + f/- - <“ f * <*“} 5=^ } =0 


( 4 ) 



ma 
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Uncoupled, "blade motional 

o^ a +J£g to c - (oo f ± (0) a = 0 

Uncoupled pylon motions: 


a a 
Up -tt f 


(5) 


( 6 ) 


(B) Throe or moro bladoa. Honisotropic pylon reatraint.- 
Poaai"ble in fixed coordinates only. 

f/a n\ ^ a ac/B a* , nmtOf 4 \ 

\ (t ^ + u + “ f \r scrap) 

x -'(o^ 8 - co f B ) ; tify 8 + ~ to 0 - ( (o a +o) f 8 )l — . a)f -“gV 
C* f t- 0 Tap 0 f -1 2(mnm)p a J 


4 p 

a a / a 


•* 4 to B to f B ) (ajy. -co f ) » 0 (7) 

Uncoupled motions as in equations (3) and ( 6 ). 

(C) Two "blades. Possible only in rotating coordinates, 
and with isotropic pylon rostraint. 

[V - ( “a +“> P ][“p° - ( “a ' ““ - " a °] 

- j o)_ B - (to + to f I — SJ2 — - C co— co ) 4 

u p J 2 (Whim)p c 

- Id) 0 r (to- (o f 1 — — - ( to +(0 ) 4 = 0 (sO 

L P -UcMHmOp 


Uncoupled motions as in equations (2) and (3V 

(D) One blade. Isotropic pylon restraint. Rotating co- 
Lnates. The unequal inertia characteristics of tho blade 
its countorwoight probably call for a separate analysis 
the methods of reference 2 or 3* Eho two-blade equation 
be used, howevor, as an approximation. 
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discussion car equations 

Examples of tho forogoing equations are plotted in figures 
1» 2, 3, and 4. The dash lines show the uncoupled modos. Those 
charts aro fundamental in determining tho various resonant con- 
ditions to expect from a given rotor design. Supposo tho rotor 
of figure 1 is turning at 600 rpm. Then tho correct interpreta- 
tion of tho frequency chart is that at any givon timo tho sys- 
tem may not ho vibrating at all, or may vibrato at any ono 
,of tho frequoncios roproaentod by A x , A a , A 3 , or A 4 , or 
any combination of those simultaneously. If the choico of cn- 
ordinatos givon for oquations(7) and (8) is not followed, thorn 
is injoctod into tho anovor an added condition that tho possible 
froquoncios can appear simultaneously only in pairs or othor 
combinations. This doos not rosult in a froquoncy chart in tho 
usual sense, and is of no valuo for puxposoB of this papor. 

(An oxnrrolo is fig. 3 of reforonco 3*) In gonoral, whorovor 
on asymmotiy exists, as in the two-blado rotor, or any rotor 
with nonisotropic pylon rostraint, tho froquoncy equation (as 
commonly interpreted) must bo ozprossod in coordinates in which 
tho directions of asymmetry remain fixed. Thir. ccIIb for ro- 
tating coordinates for two-blado rotors, end fixod coordinates 
for nonisotropic pylon restraint. 


HORIZONTAL EXCITING- TOROTS 

Eocent work of Seibol (roferenco l) givoB an explanation 
of tho origin of aerodynamic forces which oxelto forcod vibra- 
tlons in the horizontal plane. In addition to constant drag 
foroo on a blade, there is supoxposod a pulsating drag force 
which can bo written as 

AT = a x cos(\i/ +<x^ + a a cos 2(\j/ + a a ) + a 3 cos 3(ty + a 3 ) + .. .(9) 
whoro 

AT pulsating forco on a blado 
\J/ blado azimuth angle of position 

Ctfc phaso angles 

au numarlccl coefficient 
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It Is shown In reforonoo 1 that has e. largo value at 

relatively low airspeeds of the order of about 25 miles per 
- hour, and that at higher airspeeds it rapidly diminishes in 
magnitude. The first order of excitation is reproaontod by a x 
which moans that as the blado makes one complete revolution it 
receives ono complete cycle of impressed force tending to bend 
it chord wise in its shank. This excitation need not be aero- 
dynamic. It also could be impressed by the gravitational field 
in a case whore a rotor is being Rested by rotation about a 
horizontal axis. The first order also could be excited by the 
centrifugal force field on a rotor during curvilinear flight. 

In the usual aaso tho pariodlc force is aerodynamics and largo 
-only at low airspeeds. Solbel's paper also indicates tho pon- 
slbility of second order* a B becoming appreciable in magni- 
tude at higher airspeeds of tho ordor of 70 milos por hour. 

Tor tho oake of generality! tho effect of an hypothetical third 
order of excitation on various rotors also is included. 

It should be onphasizod that in a flight condition where 
any of the coefficients - a^ in oquation ( 9 ) is' difforont from 
zoro each blado will bo excited to vibrate in its shank or 
hinga, and may bo In danger of fatiguo failuro duo to largo 
forces If a rosonnnt condition exists. Tho resultant oscilla- 
tion of all the blades, however, cay or may not mcko itself 
felt in the machino as a whole. This depends on vhothor or not 
thore is a pulnatlng not force appliod to the top of tho mrnt 
by tho voctor combination of tho forces acting on tho individ- 
ual bladoB. 

If A? = cos k^+a^) whore k io tho order of excita- 
tion undor consideration, and if oquation (9) represents the 
. varying drag forco, then, noglccting the phaeo angle, tho hori- 
zontal force on the top of tho mast is simply tho voctor sum of 
tho forcos duo to the individual blades: 




or 


= afc-^eos k^e 


i(g + ^) 


+ cos k (\| / +— — )o 
n 


i(^+~+*r) 


+ . . . +cos k i \|/ + 


, i* + fl 

1 1. o n 


J 


a > 


i 


6 


8 


MCA ASH Ho. 5 A 09 


!(?+>! l) 


r Hk 


ik^ r 

— i* [ 

l(p- i)(l+k)gfT -i 


l(i-4fc)aiT ie(i-Hc)an 

n n 


1 + 0 


+ e 


+ ... +0 


— 13sS|/ I 

+ 0 |_1 + 


l(l-fc)flTT 


la(i“k)aTT 


i(n-i)( l-kW 


+ 0 +••• +e 

where n is the number of blades. 


]} 


Term has a relatively large value at low airspeeds, 

and a a and possibly higher torms may become appreciable at 
higher speeds. The effects of a^ Rq , and a 3 on rotors 
having from one to forur blades are shown In table I. They are 
found by substituting the desirod values of k and n in the 
foregoing equation. In general, thoro are throe typos of ex- 
pression for IfQj-t tho horizontal force on tho top of the 

must, expressed above in fixed coordinates. 

(1) Ifefc =0 

(2) Jttv =constant in magnitude and direction 

(3) =«a voctor the tip of which tracos out a curve, 

frequently a circlo, one or more timos per 
mast revolution 

Expressions (l) and (2) do not make thomsolves felt as a 
vibration in the pilot’s cockpit, though they moy fatigue the 
blades individually, while (3) will rosult in an appreciable 
disturbance of tho whole aircraft unless care is token to avoid 
resonance with tho natural frequency of tho systom. 

Tablo I doos not show the phnso or direction of the force, 
nor its absolute magnitude, and gives only tho offoct on vari- 
ous rotors whon a x , a a , and a 3 aro different from zero. 
Seferonce in the tablo to vortical motions is explained undor 
the eection Vortical Vibrations. 
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SIMPLIFIED METHOD 03P APPLYI39- THEOBY . 

Solving tho equations of r.otion with forced vibrations 
would gonorally he a very tedious procoss. To gain a oorapara- 
tivo picture of different rotor systems it is iquch simpler to 
plot the frequency chart from equation (l) or equation (8) and 
on the same coordinates draw tho straight lines of excitation 
given at toe top of table I. Those straight linos interseot 
the frequency equations at "points of resonance, marking the 
undesirablo values of rotor revolutions por minute. 

An oxample for throe blades and isotropic pylon restraint 
is worked out in figuro 3> which shows equations (l), (2), and 
( 3 ) plottod for 


COp 

200 cycles' por minute 

«<|> 

300 cyclos por minute 

a 

0.2 

b p 


nm 

*» 0.1 

2(M+om)p a 



This last quantity is a moasuro of the amount of coupling, 
or tho amount by which tho frequencies depart from tho straight 
lines and hyporbolas representing puro pylon dofloction and pure 
blado bonding, rospoctivoly. It is advisablo to plot the dash 
curves from equations ( 2 ). and ( 3 ) first, and use thorn as a guide 
in plotting points from equation (l) . Substitute <o a = c^, 

whoro o is any convenient constant, in (l), and solutions are 
easily found. If this is assumed to have boon complotod, the 
various dangor points illustrated in figuro 3 now will bo takon 
up in order. 

The frequency chart shows complox roots in tho rbglon bo- 
tween A and B. Thus, as in roferonoe 2, values of rotor revo- 
lutions per minute between a and b will bo dangerous, slnoo 
solf-exoitod oscillations can occur. This can bo remedied by 
suffioient damping. See reference ( 2 ) for details, (if the 
effeotlvo "pylon" is soft, as whon an aircraft is rocking on 
its landing gear, tho a-b region may bo in tho operating range.) 
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Hext, consider the aerodynamic forces at low flight speeds 
TBv represented "by the line = (0. From the first column, 
third row of table I, it was found that for throe blades the 
pylon will not be subjected to a vibratory force, and the air- 
craft will be smooth; From the point of view of Individual 
blade vibration, however, take the intersection of the line 
Ofe. = 0) with the dash hyperbola plotted from equation (2), find 
the point 0. This gives the value c = 560 as a rotor revo- 
lutions per minute to be avoided. In spite of the fact that 
the pilot’s cockpit would not feel a vibration, these blades 
are in a condition of resonance with forced vibration if flown 
at or near $60 rpm at low airspeeds, and would be in danger of 
fatigue failure. 

The excitation line from the second column of table I is 
Uk = Sco, and resonance will make the aircraft rough in the 

three-blade rotors. The points of intersection are shown on 
figure 3 us D, I, F, and 0. The corresponding values of rotor 
revolutions per minute are at d, e, f, end g. 

A vibration corresponding to ordinary shaft whirling 
occurs at H, the intersection of the line w n = 0 with the 

frequency curves, (in the two-blade case (fig. 2) this point 
divides into a range of instability- similar to A and B of 
fig, 3-) Thus tho rotor of figure 3 would have a satisfactory 
working range somewhere between g = 290 rpm and c = 560 rpm 
and probably would be rough' at higjaor flight opaeds if operated 
below 300 rpm. Figures 1 and 2 show various other combinations 
which can be considered in rotor designs stiff pylon and flex- 
ible blados, and two-blado case. Figure 4 represents tho same 
rotor ae figure 3» 4ut referred to nonrotating coordinates. 
Points A, B, C, and so forth of figure 4 havo the eaco physical 
significance as tho corresponding points of figuro 3- Tho ex- 
citation linos cannot be conveniently drawn on figure 4. Tho 
line a = 2(0 transforms into two lines, (0 n = 30 ) and (0^=0); 

and = (0 transforms into (0 a = 2 (d and <0 a = 0, An addod 

condition is needed to show which branches of the frequency 
curves give significant intersections with the various excitap* 
tion lines, and for this reason it is advised that rotating co- 
ordinates (charts similar to fig. 3) be ueod in practico. Each 
excitation is roprosented there by a single line, and it is 
necessary only to read off the intersections according to the 
rules given. 
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The addition of damping tome greatly oonqjlicatos the 
equations and generally has only a slight effect on tho fro- 
quoncy, though amplitudes of vibration are roducod, and regions 
of solf-oxcitod oscillations are diminished. 

The case of a stiff pylon applios only when tho aircraft 
is in flight. On tho ground landing-goar flexibility must be 
considerod in calculating (Op. 

Mosisoraopic ptlon ebsthaiht 

Three an d Tour Blades 

A frequency chart referred to rotating coordinates cannot 
generally bo drawn whon the pylon froquoncy is different in 
different directions. However, with three or acre blades tho 
first order of excitation doos not oxcito a coupled mode. Point 
C, figure 3 » *0 tho intersection of tho line (o a s= to with the 

hyperbola from equation (2) and this holds evon when (Oj. 4 coy; 

so this resonant point can still bo found. With four blades 
both first and second orders apply to puro blade bonding (see 
table l) ; so tho lines (1^ « (1) and * 2(0 each give only 

one significant intersection; namely, with tho hyperbola of 
equation (2). In tho three-blado case tho socond-ordor lino 
Ofe, = 2(i) applies to tho couplod modes and tends to make the 
aircraft rough* and further investigation of this condition 
with (i)g 4 (0 y might bo worth whllo. 

Tor ono *»r tvro blados tlio problem with =# (dy is labo- 
rious to solvo in genoral, though thiB right bo worth while in 
oortaln cases. (See reference Qualitatively, the effect 

of making the pylon restraint nonisotropio is to roduco tho 
amplitude of forced vibrations noar resonance, and at the same 
time to spread tho response ovor a greater range of rotor revo- 
lutions nor minute, making tho "tuning" less shp.ro. A chart of 
doos not havo the usual moaning as tho motion is not simple 

harmonic but a combination of different frequencies. A two- 

blade helicopter seems to fce smoother whon (0^ =* (0 in the 
• ■ 
flight condition. Vibration isolation is better than when 

“x 1 * V 
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VEBTICAIi VEBHATIGNS 

A diocussion of vertical vibrations "by J, A. J. Bennett 
(referer.oo 4) shows that thpy make themselves felt in the fuse- 
lage only if r.ll blades are giver, an extra lift inpulse simul- 
taneously. For convenience, equation (9) can bo considered as 
applying to periodic vertical forcos and table X givos the res- 
ponse to different orders of different numbers of blades. 

Consider the lift of a blade cl oner, t 

A I* cd after + v sin \|/) 3 (lo) 


where 

AI< lift of a blade olonont 
a effective (not geonctric) angle of attack 
r radial position of blr.do alonent 
v airspeed of machine 

The various orders of vortical excitation arise from the 
fact that a vnriec periodically around tho circlo, and the 
squared bracket varios at firot- and second-order frequencies. 
In addition, the contor of lift moves radially along the blrde. 
Thus firot, second, and probably higher ordors (or vnluos ef 
ajj. in equation ( 9 ))aro well represented and increase with in- 
creasing forward spood. It is beyond the scope of tho present 
papor to discuss tho different offects of those excitations on 
different rotor systems. Much doponds ov tho method of hinging 
(tho amount of 63 ) end on tho blado flexibility. The latter 
can bo so choson that tho blado acts an a spring of low natural 
frequency, and' tho excitations above firot order arc only 
slightly transmitted to the fuselage. In practice a vertical 
vibration of froquency equal to rotor revolutions per nir.uto 
usually can be traced to an unoymnotricnl condition, such as 
whon one blado is slightly warped, or out of track. An experi- 
mental chock on the rolativo magnitudes of higher orders is 
givon in roforonco 4 for autogiros. 


CONCLUSIONS 


1. A two-blade rotor not designod to avoid resonance with 
first-order excitation probably will be noticeably rough at low 
airspeeds. This condition can be vory much inprovod by proper 
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oho loo of pylon and "blade stiffness so that the operating revo- 
lutions per minute is far from resonance. 

. 2. The first-order roughness will net mako itself felt in 
a throe- or four- "blade rotor» though each blade nay "bo vibrating 
individually in its shank, and this condition should bo avoldod. 

3* Dio second ordor of oxcltation also should bo avoided; 
it makes itsolf felt in the casos of one or throe bladeB but not 
of two or four. 

4. Batumi frequency of vortical blade bending should bo 

kent low. and for this reason only a small amount of 6 S (re- 
■ | w 
ductlon of blade angle as it flaps upward) can bo tolerated, as 

it has tho effect of raising tho flapping frequency of a rotating 
blade. This applies especially to one or two bladOB, and not so 
much to threo or four. 

5* By use of the methods of this report and of roforence 
1, the chief points of resonance with forced vibrations can be 
prodietod and avoided for any proposed single- or two-rotor 
system with isotropic pylon restraint. 

Bell Aircraft Corporation, 

Buffalo, i:. Y., Oct. 12, 19M4. 
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I of 

: ‘blades 
'\ 


}-•- 


Excitation 

0 ) 


*Hi 

rt low edrepeeds 


TABLE I 


= 03 


"Hi 


<^ S1 T 




Excitation at higher air so cede 
0 ) a = 203 


*n. 

Excitation 

03a = 3 03 


%» = *e 


A circular motion of frequency 
twice rotor rpn. Eoaonanco will 
□ako aircraft rough. Vortical 
and torquowise disturhanco at 
rotor rom. 


A four-leaf pattern repeitod once 
per rotor revolution. Resonance 
v/ill note aircraft rough. Also 
vertical and torquowise disturbance 
at twice rotor rom. 


"Hi 


= a. 




I H3 =*3 

;A thro o-l oaf pattern repeated 
j twice per rotor revolution. 
Eoaonanco will mako aircraft 
rough. Also vertical and 
! torquewiso disturbance at 
j throe times rotor rpn. 


Ei 


Ho 


j 


Er 


= a. 


. 4i\J/ -Ei\J/. 

(o +e v ) 


A circular notion of froquoncy 
twico rotor rpm. Rosonanco will 
make aircraft rough. No not 
vortical or torquowise excita- 
tion* 


No horizontal forco on nast. Uso 
curve for uncouplod blade vibra- 
tions. Vortical and torquowise 
disturbance at twico rotor rpm. 


| ‘ 'Ha --3 

| A three-leaf pattern repeated 
t twico por rotor revolution. 
iRoeonanco will nako aircraft 
j rough. No not vortical or 
tojguqwlse_ oxcitation. 


T Hi ~ c 'i 

i 

' Constant horizontal forco on top 
j of met. Aircraft not rough. 

I Use curve for uncouplod blado 
vibrations. No net vorticrl or 
.torquewis o_ oxcitation . 


%s= 0 


3 i>I/ 


His 


= 0 


'a =ai 

Constant horizontal forco on top 
•of L.nst. Aircraft not rough 
Use curve for uncoupled blpde 
vibrations. No not vortical or 
torquowiso excitation. 




A circular path concentric with ■ 
mast cent or of froquoncy throo 
tines rotor rpm. Roeonanco will 
nako aircraft rou^i. No net 
vortical or torquowiBo oxcitation. 

T Ha =0 

No horizontal force on top of 
nast. Aircraft not rough. Use 
curve for uncoupled blade vibra- 
tions. No not vortical or 
torquewiso oxcitation. 


No horizontal force on top of 
mast. Ubo curve for uncouplod 
blade vibrations. Vertical 
and torquewiso disturbance at 
throe tines roto r rpn. 

4 i^ 


'jb ° 

A circular path concentric with 
mast cenbor of frequency four 
tinos rotor rpm. Ho so nance will! 
nako aircraft rough. No not 
vortical or torquowiso excita- 
tion. 
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rJg. 1. THREE <* MOKE BLADES . 

(x)p = /OOOcpm Stiff Pylon and Free F/nges. 

Cj<f> = O C/>/77 


2. ONE or TWO BLADES 

CJp = 200 cpm 
CJ0 = 500 cpm 
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FIGURE I. FIGURE 2. 
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THREE 


Fig. 3 . 

CJp = 200 cpm 
Cjp • 500 cpm 



Fig. 4. Three or More Blades 
CO p = 200 cpm Tjxed Coordinates - 
COp- 500 cpm 



FIGURE 4. 
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